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Abstract Cd vapor pressures were determined over Cd–
Nd samples by an isopiestic method. The measurements
were carried out in the temperature range from about 690 to
1200 K and over a composition range between 48 and 92 at
% Cd. From the vapor pressures, thermodynamic activities
of Cd were derived for all samples at their respective
sample temperatures, and partial molar enthalpies of Cd
were obtained from the temperature dependence of the
activities. With these partial molar enthalpies, the Cd
activities were converted to a common temperature of
873 K. By means of a Gibbs–Duhem integration Nd
activities and integral Gibbs energies were calculated,
using a literature value of DfG for the phase Cd6Nd as
integration constant. A minimum of DfG & -38 kJ g-
atom-1 at 873 K was obtained for the phase CdNd, a value
that compares well with other CdRE compounds.
Graphical abstract
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Introduction
Although nuclear energy is phased out in some countries
many others still have to rely on nuclear power to provide
the necessary electrical energy. One of the key issues for
future use of nuclear energy, besides reactor safety, is a
reliable waste management. At present several different
reprocessing techniques are known. Traditional aqueous
methods suffer from some drawbacks like limited solubil-
ity of fuel materials in acidic aqueous solutions and poor
radiation stability of the organic solvents employed in the
extraction process [1]. The so-called pyrochemical sepa-
ration techniques appear to be more efficient methods for
reprocessing of spent high burn-up fuels. The central step
in these non-aqueous methods is the electro-refining pro-
cess where in an electro transportable cell chopped fuel
rods are reprocessed [2]. This electro transportable cell
contains a steel anode in form of a basket, where spent
fuels are inserted, and two different cathodes: a stainless
steel cathode for the recovery of U and a liquid metal
cathode (using Al [1], Bi [3], or Cd [3]) for the selective
recovery of Pu and minor actinides (MA). The entire cell is
completely filled with a liquid LiCl–KCl electrolyte with
an additional pool of liquid metal at the bottom. A variety
of liquid metals like Al [1], Bi [3], or Cd [3] have been
explored for the extraction of the rare earth (RE) elements
(in particular, light rare earth elements between La and Gd
except Pm) which are partially oxidized, out of the elec-
trolyte. The extraction behavior is primarily affected by the
formation of intermetallic compounds, which makes a
thorough knowledge of the various binary RE-metal
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systems imperative. The existence of intermetallic com-
pounds as well as thermodynamic properties such as their
stability is of considerable interest, both for a thermody-
namic assessment of the corresponding binary system
based on the CALPHAD1 method [4] and also for an
optimization of the extraction process itself.
This was the starting point for the present study which
wants to provide partial thermodynamic properties of bin-
ary Cd–Nd alloys, mainly based on Cd vapor pressure
measurements according to an isopiestic method [5, 6].
Using a value of the Gibbs energy of formation of the
phase Cd6Nd that had been obtained by a CALPHAD-type
optimization [7], an estimate of the integral Gibbs energies
of formation could be obtained over a large composition
range.
Literature review: phase diagram
Early experimental studies of the Cd–Nd phase diagram
were done by Iandelli [8, 9], Johnson et al. [10, 11], and
Bruzzone et al. [12]. Based on this experimental work and
an earlier assessment by Gschneidner and Calderwood
[13], a rudimentary phase diagram was published in Mas-
salski’s handbook [14]. Only very recently, the phase
equilibria in the Cd–Nd system were studied in detail by
Skołyszewska-Ku¨hberger et al. [15]. Altogether seven
intermetallic phases were identified: CdNd, Cd2Nd, and
Cd45Nd11 with congruent melting behavior, and Cd3Nd,
Cd58Nd13, Cd6Nd, and Cd11Nd with peritectic decompo-
sition reactions. For the compound Cd2Nd, a transition into
a high-temperature modification was found. In addition, the
maximum solid solubility of Cd in a-Nd and b-Nd was
determined with about 3 and 19 at %, respectively.
Literature review: thermochemical data
Only limited thermochemical information has been avail-
able for the Cd–Nd system. Koyama et al. [16] determined
the activity coefficient of Nd in liquid Cd at infinite dilu-
tion at 723 K from an investigation of the distribution of
Nd between Cd(l) and a liquid chloride salt. Similarly,
Kurata et al. [3, 17] employed electrochemical measure-
ments to determine the distribution behavior of Nd between
a eutectic liquid LiCl–KCl mixture and Bi(l) or Cd(l).
From the results they derived the activity coefficient of Nd
in Cd(l) at 773 K. Based on this limited experimental
information, Kurata and Sakamura [7] performed a CAL-
PHAD-type optimization of the Cd-rich part of the Cd–Nd
system and provided calculated Gibbs energy of formation
values for the phases Cd11Nd and Cd6Nd.
Recently, Vandarkuzhali et al. [18] investigated the
electrochemical behavior of NdCl3 at a liquid Cd electrode
and derived the Gibbs energy of formation of Cd11Nd in
the temperature range between 698 and 773 K. In addition,
an overview of the thermodynamic properties of actinides
and RE fission products (among them also Nd) in liquid Cd
was provided by Zhang et al. [19], apparently without
knowledge of Ref. [18].
Results and discussion
Isopiestic measurements
Six successful isopiestic experiments were carried out for
the Cd–Nd system, with reservoir temperatures between
687 and 893 K corresponding to total vapor pressures of
Cd between about 2 and 150 mbar, respectively. The cor-
responding sample temperatures were between 688 and
1192 K. Since the vapor pressure of Nd is several orders of
magnitude lower compared to that of Cd it can be
neglected, and it can be assumed that the total pressure in
the system is due to Cd maintained at a constant temper-
ature in the reservoir. When the final equilibrium is reached
in an isopiestic experiment the partial pressure of Cd over
each sample at its sample temperature TS, pCd(TS), is equal




pCdðTSÞ ¼ p0CdðTRÞ ð1Þ
Under these circumstances, the Cd activity in the








The vapor pressure of pure Cd as a function of





¼ 8:7  5690  K
T
 1:07  log T
K
ð3Þ
The experimental results, i.e., sample temperature,
sample composition, and thermodynamic activity of Cd
for each sample, are listed in Table 1. In Fig. 1, sample
temperatures are plotted against sample compositions for
all experimental runs (the so-called equilibrium curves),
superimposed on a partial phase diagram according to
Skołyszewska-Ku¨hberger et al. [15]. To check the
compositions calculated from the weight change, selected
samples were analyzed by energy dispersive X-ray
spectroscopy (EDS). In general, the compositions agreed
within 0.5 at %, and the temperatures are assumed to be
accurate within ±2 K. As can be seen from Fig. 1, the1 CALPHAD CALculation of PHAse Diagrams.
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Table 1 Isopiestic experimental results; standard state: Cd(l)
Sample no. at % Cd TS/K lnaCd (TS) Phases D HCd/kJ g-atom
-1 lnaCd (873 K)
Run 1 TR = 770 K, 26 days
1 69.3 835 -1.24 Cd2Nd ? Cd3Nd -4.3 -1.21
2 67.0 844 -1.39 Cd2Nd -4.3 -1.37
3 65.5 876 -1.92 Cd2Nd -12.0 -1.93
4 65.9 883 -2.03 Cd2Nd -8.8 -2.05
5 65.7 912 -2.47 Cd2Nd -10.3 -2.53
6 65.5 926 -2.67 Cd2Nd -12.0 -2.76
7 65.4 943 -2.91 Cd2Nd -13.1 -3.04
8 55.1 961 -3.15 CdNd ? Cd2Nd -20.8 -3.41
9 49.4 980 -3.39 CdNd -23.5 -3.74
10 48.9 1001 -3.65 CdNd -27.0 -4.12
11 48.4 1024 -3.92 CdNd -37.0 -4.67
Run 2 TR = 893 K, 33 days
1 80.5 955 -0.88 Cd45Nd11 3.3 -0.84
2 80.2 966 -1.03 Cd45Nd11 2.5 -0.99
3 79.7 975 -1.14 Cd45Nd11 1.4 -1.12
4 79.4 984 -1.25 Cd45Nd11 0.8 -1.24
5 76.7 993 -1.36 Cd3Nd ? Cd45Nd11 0.6 -1.36
6 67.9 1003 -1.49 Cd2Nd ? Cd3Nd -4.3 -1.56
7 66.0 1011 -1.58 Cd2Nd -8.2 -1.73
8 65.8 1020 -1.68 Cd2Nd -9.5 -1.87
9 65.5 1029 -1.79 Cd2Nd -12.1 -2.04
10 65.6 1038 -1.89 Cd2Nd -11.1 -2.13
11 65.5 1050 -2.02 Cd2Nd -12.0 -2.30
12 65.6 1061 -2.14 Cd2Nd -11.1 -2.41
13 65.5 1077 -2.31 Cd2Nd -12.1 -2.62
14 65.7 1095 -2.49 Cd2Nd -10.3 -2.78
15 65.7 1114 -2.67 Cd2Nd -10.3 -2.98
16 49.4 1132 -2.84 CdNd -23.5 -3.59
17 49.1 1150 -3.01 CdNd -25.3 -3.85
18 48.0 1166 -3.15 CdNd -44.3 -4.68
19 47.4 1192 -3.37 CdNd -52.0 -5.29
Run 3 TR = 708 K, 32 days
1 85.4 730 -0.53 Cd6Nd 13.7 -0.90
2 81.4 741 -0.78 Cd58Nd13 5.2 -0.90
3 81.0 752 -1.02 Cd45Nd11 ? Cd58Nd13 3.3 -1.09
4 80.1 766 -1.32 Cd45Nd11 2.3 -1.36
5 67.7 784 -1.69 Cd2Nd ? Cd3Nd -4.3 -1.62
6 66.4 809 -2.17 Cd2Nd -6.2 -2.10
7 66.1 829 -2.53 Cd2Nd -7.7 -2.48
8 65.9 853 -2.95 Cd2Nd -8.8 -2.92
9 65.8 871 -3.24 Cd2Nd -9.5 -3.24
10 52.5 890 -3.54 CdNd ? Cd2Nd -20.8 -3.59
11 50.0 904 -3.75 CdNd -21.2 -3.85
12 49.8 917 -3.94 CdNd -21.8 -4.09
13 49.7 932 -4.15 CdNd -22.1 -4.35
14 49.5 945 -4.33 CdNd -22.9 -4.57
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equilibrium samples obtained in the experimental runs
cover the concentration range between about 48 and 92 at
% Cd.
The majority of the samples were single phase, namely
CdNd, Cd2Nd, Cd45Nd11, and Cd6Nd. As in several other
RE-Cd systems [21–23], no single phase samples of Cd3Nd
could be obtained in any of the runs suggesting that Cd3Nd
is only slightly more stable than a two-phase mixture of its
neighboring compounds. Thus, the activities of Cd in the
adjacent two-phase fields Cd2Nd ? Cd3Nd and Cd3-
Nd ? Cd45Nd11 are only slightly different (cf. Fig. 4).
Moreover, it was found that a majority of data points fall
into the composition range of the phase Cd2Nd indicating
that this must be one of the relatively most stable com-
pounds in the Cd–Nd system, in agreement with its
congruent formation from the liquid [15].
Some of the samples were obtained in various two-phase
fields after equilibration. This was probably caused by slight
Table 1 continued
Sample no. at % Cd TS/K lnaCd (TS) Phases D HCd/kJ g-atom
-1 lnaCd (873 K)
Run 4 TR = 687 K, 55 days
1 91.5 688 -0.03 Cd11Nd 14.9 -0.58
2 88.9 689 -0.05 Cd6Nd ? Cd11Nd 14.9 -0.60
3 85.7 691 -0.10 Cd6Nd 14.9 -0.65
4 85.4 695 -0.21 Cd6Nd 13.7 -0.69
5 85.2 700 -0.33 Cd6Nd 12.4 -0.76
6 80.5 710 -0.58 Cd45Nd11 3.3 -0.69
7 80.3 721 -0.85 Cd45Nd11 2.7 -0.93
8 77.9 739 -1.26 Cd3Nd ? Cd45Nd11 0.6 -1.28
9 66.5 756 -1.64 Cd2Nd -5.8 -1.52
10 66.0 774 -2.02 Cd2Nd -8.2 -1.87
Run 5 TR = 781 K, 34 days
1 85.7 806 -0.49 Cd6Nd 14.9 -0.66
2 85.5 809 -0.54 Cd6Nd 14.4 -0.70
3 85.0 812 -0.60 Cd6Nd 11.1 -0.71
4 84.9 815 -0.65 Cd6Nd 10.5 -0.76
5 83.4 818 -0.71 Cd58Nd13 ? Cd6Nd 8.4 -0.79
6 80.1 821 -0.76 Cd45Nd11 2.3 -0.78
7 79.3 823 -0.80 Cd45Nd11 0.7 -0.81
8 69.8 841 -1.12 Cd2Nd ? Cd3Nd -4.3 -1.10
9 67.1 850 -1.27 Cd2Nd -4.3 -1.26
10 66.8 854 -1.34 Cd2Nd -4.6 -1.32
11 66.4 865 -1.52 Cd2Nd -6.2 -1.51
12 66.2 890 -1.92 Cd2Nd -7.1 -1.93
13 66.0 896 -2.01 Cd2Nd -8.2 -2.04
14 65.9 911 -2.23 Cd2Nd -8.8 -2.28
15 65.7 919 -2.35 Cd2Nd -10.3 -2.42
16 65.5 928 -2.47 Cd2Nd -12.0 -2.57
Run 6 TR = 829 K, 28 days
1 66.7 904 -1.21 Cd2Nd -5.0 -1.24
2 66.6 925 -1.52 Cd2Nd -5.4 -1.56
3 65.9 949 -1.85 Cd2Nd -8.8 -1.95
4 65.6 975 -2.19 Cd2Nd -11.1 -2.35
5 65.3 1003 -2.54 Cd2Nd -14.5 -2.80
6 63.5 1023 -2.77 CdNd ? Cd2Nd -20.8 -3.20
7 49.0 1049 -3.07 CdNd -26.1 -3.67
8 48.6 1065 -3.23 CdNd -33.0 -4.05
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variations in the sample temperatures during equilibration.
These samples were quite useful for an estimate of the partial
enthalpies of formation of Cd in these two-phase fields.
Evaluation of the thermodynamic activity of Cd
Equation (2) can be used to calculate the thermodynamic
activity of Cd for each individual data point in Fig. 1;
however, it is obtained exactly for the temperature of the
sample. To provide the composition dependence of the
activity at one common temperature (T2), one needs the
partial enthalpies of formation of Cd to convert the activity
values to this temperature T2 according to:









which is an integrated form of the Gibbs–Helmholtz
equation. To obtain these D HCd values, one can use the






and the partial enthalpy values can be derived from a plot of
ln aCd vs. 1/T at a given composition. For this purpose, the so-
called equilibrium curves (sample temperature vs. sample
composition) in Fig. 1 are used: hypothetical sample tem-
peratures are derived for defined compositions within the
homogeneity ranges of the various phases from which the Cd
activities are calculated according to Eq. (2), and they are
plotted versus the reciprocal temperature. This is shown, as
an example, for the phases CdNd and Cd2Nd in Fig. 2.
A similar procedure was applied to estimate partial
molar enthalpies of formation of Cd in the two-phase fields,
assuming that the phase boundaries do not change with
temperature (which, of course is not fully correct). For all
phase fields where no or not enough data points were
available, i.e., for the two single-phase fields of Cd3Nd and
Cd58Nd13, a linear variation of D HCd with composition was
assumed. Figure 3 shows the partial enthalpy of formation
of Cd as a function of composition between 45 and 90 at
% Cd and numerical values from this curve are included in
Table 1.
Two things should be pointed out. As can be seen in
Fig. 2, the scatter of the data points is considerable which
means that the derived D HCd values will exhibit an
appreciable error limit, probably more than ±5 kJ g-
atom-1. Furthermore, the numerical values of the partial
enthalpies of Cd become positive for Cd contents of more
than 75 at % Cd. This is somewhat surprising though not
impossible since it depends on the shape of the curve of the
integral enthalpy of formation.
Using Eq. (4) and D HCd values from the curve in Fig. 3,
the Cd activities were converted to a temperature of 873 K
which is approximately the average temperature of all
Fig. 1 Sample temperature vs. sample composition superimposed on
the partial Cd–Nd phase diagram (the dashed line in two-phase field
Cd2Nd ? Cd3Nd is estimated and not supported directly by data
points)
Fig. 2 Natural logarithm of the Cd activity vs. reciprocal temperature
in the phases CdNd (a) and Cd2Nd (b)
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samples. Using such a mean temperature minimizes any
errors that would be introduced by errors in the partial
enthalpy values. Figure 4 shows finally a plot of ln aCd as a
function of composition for the Cd–Nd system over the
entire composition range between 47 and 100 at % Cd. The
phase boundary of the liquid phase at 873 K was taken
from the phase diagram study by Skołyszewska-Ku¨hberger
et al. [15] in agreement with earlier results by Johnson et al.
[24].
Integral Gibbs energy
Rather limited information has been available up to now on
the thermodynamics of the Cd–Nd system. To perform a
Gibbs–Duhem integration one needs an integration con-
stant, i.e., a value for the integral Gibbs energy or the
partial Gibbs energy of Nd at a given composition.
Vandarkuzhali et al. [18] determined the integral Gibbs
energy of formation of Cd11Nd in the temperature range
698–773 K. Unfortunately, 773 K is rather at the lower
limit of the present experiments, and only one single data
point was obtained for the Cd11Nd-phase (see Fig. 1). On
the other hand, Cd11Nd decomposes in a peritectic reaction
at 793 K [15] and does not exist anymore at 873 K, the
average temperature of all data points (see above).
Therefore, it was decided to use a value of the integral
Gibbs energy of formation for Cd6Nd that had been derived
by Kurata and Sakamura [7] in their optimization of the




¼ 205; 200 þ 84:71  T
K
ð6Þ
which results in a value of -131,248 J mol-1 or
-18,750 J g-atom-1 for a temperature of 873 K. From
this, a value of ln aNd = -14.49 was derived for the Cd-
rich phase boundary of Cd6Nd at xCd = 0.856 at 873 K.
Using this value as an integration constant, a Gibbs–
Duhem integration was performed based on Darken’s a-
function [25] to derive the integral Gibbs energy at 873 K
for the composition range between 47 and 100 at % Cd
(Fig. 5). This curve should rather be considered as an
estimate since any uncertainty of the integration constant
will, of course, add to the uncertainty of the present data.
Therefore, it is shown as a dashed line in Fig. 5. According
to these calculations, the most stable compound in the
system is CdNd with DfG & -38 kJ g-atom
-1. This is
well comparable with the corresponding Gibbs energies for
other CdRE compounds, i.e., CdCe (-37 kJ g-atom-1)
[21], CdPr (-35 kJ g-atom-1) [23], and CdGd (-34 kJ g-
atom-1) [22]. Finally, Table 2 lists smoothed values of the
Cd and Nd activities as well as of the integral Gibbs
energies over the entire investigated composition range.
Fig. 3 Partial molar enthalpy of Cd in the Cd–Nd system; standard
state: Cd(l)
Fig. 4 Natural logarithm of the Cd activity in the Cd–Nd system at
873 K; standard state: Cd(l)
Fig. 5 Integral Gibbs energy of formation vs. composition at 873 K
in the Cd–Nd system; standard states: Cd(l) and Nd(s)
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Conclusion
Thermodynamic activities of Cd were determined for the
Cd–Nd system in the temperature range between about 690
and 1200 K and the composition range between 48 and 92
at % Cd based on an isopiestic vapor pressure method.
Partial enthalpies of formation of Cd were derived from the
temperature dependence of the activity. These data were
used to convert the activity values to a common tempera-
ture of 873 K. Using a literature value of DfG for Cd6Nd as
integration constant, it was possible to calculate Nd
activities and integral Gibbs energies of formation at 873 K
for the same composition range. A minimum of
DfG & -38 kJ g-atom
-1 was obtained in the phase CdNd.
Experimental
The principle and experimental details of the isopiestic
method applied in this work were described previously by
Ipser et al. [5, 6]. A schematic diagram of the particular
setup used in the present investigation has been shown, for
example, by Skołyszewska-Ku¨hberger et al. [21] and
Reichmann et al. [22]. The apparatus is essentially made of
quartz glass. It consists of an outer tube of 38 mm OD with
one end closed and the other end fitted with a ground joint
which can be connected to a vacuum pump. A quartz glass
crucible with 32 mm OD is placed at the bottom, serving
as a reservoir for Cd. On top of the reservoir, a quartz glass
spacer of suitable height and a quartz supporting tube
(15 mm OD) are located where the tantalum crucibles
containing pure Nd as samples are inserted. An inner tube
of 7 mm OD with its upper end widened to 32 mm OD is
used as a thermocouple well. The apparatus can be sealed
under vacuum in its upper part.
Before use the entire apparatus was cleaned with an acid
mixture (HF/HNO3/H2O), rinsed with distilled water, and
dried. Afterward the fully assembled setup, including the
empty tantalum crucibles (approximately 20), was degas-
sed under vacuum (10-3 mbar) at 900 C for 5 h. All
preparations for the experiments were then carried out
under Ar atmosphere in a glove box. The reservoir was
filled with 25–35 g of Cd (99.9999 % Alfa AESAR,
Karlsruhe, Germany), depending on the experimental
Table 2 Smoothed values of the Cd and Nd activities and of the integral Gibbs energy at 873 K in the Cd–Nd system; standard states are
Cd(l) and Nd(s)
At % Cd Phase ln aCd ln aNd DGint/kJ g–atom
-1
100.0 L 0.00 -? 0.00
98.00 L -0.29 -25.36 -5.7
96.00 L/L ? Cd6Nd -0.58 -14.49 -8.3
85.60 L ? Cd6Nd/Cd6Nd -0.58 -14.49 -18.8
85.00 Cd6Nd -0.70 -13.79 -19.3
84.60 Cd6Nd/Cd6Nd ? Cd58Nd13 -0.76 -13.46 -19.7
81.80 Cd6Nd ? Cd58Nd13/Cd58Nd13 -0.76 -13.46 -22.3
81.50 Cd58Nd13/Cd58Nd13 ? Cd45Nd11 -0.84 -13.10 -22.6
80.40 Cd58Nd13 ? Cd45Nd11/Cd45Nd11 -0.84 -13.10 -23.5
80.00 Cd45Nd11 -1.09 -12.09 -23.9
79.20 Cd45Nd11/Cd45Nd11 ? Cd3Nd -1.36 -11.04 -24.5
75.00 Cd45Nd11 ? Cd3Nd/Cd3Nd -1.36 -11.04 -27.4
74.40 Cd3Nd/Cd3Nd ? Cd2Nd -1.40 -10.92 -27.8
66.90 Cd3Nd ? Cd2Nd/Cd2Nd -1.40 -10.92 -33.0
66.50 Cd2Nd -1.64 -10.44 -33.3
66.00 Cd2Nd -2.73 -8.30 -33.6
65.50 Cd2Nd -3.13 -7.53 -33.7
65.00 Cd2Nd/Cd2Nd ? CdNd -3.40 -7.02 -33.9
50.20 Cd2Nd ? CdNd/CdNd -3.40 -7.02 -37.8
50.00 CdNd -3.52 -6.90 -37.8
49.50 CdNd -4.30 -6.22 -38.0
49.00 CdNd -4.62 -5.82 -38.0
48.50 CdNd -4.87 -5.58 -38.0
48.00 CdNd -5.08 -5.39 -38.0
47.40 CdNd/CdNd ? b-Nd -5.29 -5.20 -38.0
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reservoir temperature. Between 150 and 200 mg of pure
Nd (99.9 % Alfa AESAR, Karlsruhe, Germany, and smart-
elements, Vienna, Austria) were weighed into each Ta
crucible with an accuracy of ±0.1 mg. The assembled
apparatus was brought outside the glove box securely
closed using a vacuum valve suitable to directly connect to
a vacuum pump. The apparatus was then evacuated and
sealed under a dynamic vacuum of better than 10-3 mbar.
The isopiestic equilibration experiments were carried
out in different temperature gradients, applied by two-zone
furnaces, for periods of about 4–8 weeks depending on the
respective reservoir temperature. The temperatures of the
samples (TS) and the reservoir (TR) were measured peri-
odically by raising a Pt/Pt 10 % Rh thermocouple inside
the thermocouple well. After equilibration, the isopiestic
apparatus was quenched in cold water and cut open in air
by a diamond saw. The individual samples (which had
become Cd–Nd alloys during the equilibration) together
with the crucibles were weighed in air. Immediately
afterward they were brought into the glove box and
weighed once again. No significant mass difference could
be detected in any of the samples, and the sample com-
positions were derived from the mass difference before and
after equilibration that was attributed to the uptake of Cd.
Representative samples were characterized by XRD
with Cu Ka radiation on a Bruker D8 Advance Diffrac-
tometer with Bragg–Brentano pseudo-focusing geometry.
Rietveld refinement was done by means of the TOPAS 3
software (provided by Bruker), making a full pattern
refinement with empirical peak profile modeling. To check
the calculated compositions, selected samples were also
analyzed by energy dispersive X-ray spectroscopy (EDS)
in a Zeiss Supra 55 VP scanning electron microscope
(SEM).
Acknowledgments Open access funding provided by University of
Vienna. Financial support by the Austrian Science Fund (FWF) under
project No. P 23270-N19 and by the Scientific-Technical Cooperation
Austria-India under project No. IN 05/2011 is gratefully acknowl-
edged. In addition, the authors wish to thank Dr. Stephan Puchegger
of the Faculty of Physics of the University of Vienna for his help and
suggestions with the SEM measurements.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
References
1. Conocar O, Douyere N, Glatz J, Lacquement J, Malmbecke R,
Serp J (2006) Nucl Sci Eng 153:253
2. Olander D (2009) J Nucl Mater 389:1
3. Kurata M, Sakamura Y, Hijikata T, Kinoshita K (1995) J Nucl
Mater 227:110
4. Lukas H, Fries SG, Sundman B (2007) Computational thermo-
dynamics: the Calphad method. Cambridge University Press,
Cambridge
5. Ipser H, Krachler R, Komarek KL (1989) In: Brodowsky H,
Schaller H-J (eds) Thermochemistry of alloys. Kluwer Academic
Publisher, Dordrecht, p 293
6. Ipser H (1998) Ber Bunsenges Phys Chem 102:1217
7. Kurata M, Sakamura Y (2001) J Phase Equilib 22:232
8. Iandelli A (1958) Congr Intern Chim Pure Appl, vol 16. Mem
Sect Chim Minerale, Paris, p 35
9. Iandelli A (1960) Atti Accad Nazl Lincei Rend Classe Sci Fis
Mat e Nat 29:62
10. Johnson I, Anderson KE, Blomquist RA (1966) Trans ASM
59:352
11. Johnson I, Schablaske RV, Tani BS, Anderson K (1964) Trans
Met Soc AIME 230:1485
12. Bruzzone G, Fornasini ML, Merlo F (1973) J Less-Comm Met
30:361
13. Gschneidner KA Jr, Calderwood FW (1988) Bull Alloy Phase
Diag 9:16
14. Massalski TB, Okamoto H, Subramanian PR, Kacprzak L (1990)
Binary alloy phase diagrams, 2nd edn. ASM International, Ohio
15. Skołyszewska-Ku¨hberger B, Reichmann TL, Ipser H (2014) J
Alloys Comp 606:242
16. Koyama T, Johnson TR, Fischer DF (1992) J Alloys Comp
189:37
17. Kurata M, Sakamura Y, Matsui T (1996) J Alloys Comp 234:83
18. Vandarkuzhali R, Chandra M, Ghosh S, Samanta N, Nedumaran
S, Prabhakara Reddy B, Nagarajan K (2014) Electrochim Acta
145:86
19. Zhang J, Lahti EA, Zhou W (2015) J Radioanal Nucl Chem
303:1637
20. Binnewies M, Milke E (1999) Thermodynamical data of elements
and compounds. Wiley, Weinheim, p 295
21. Skołyszewska-Ku¨hberger B, Reichmann TL, Ganesan R, Ipser H
(2014) CALPHAD 44:14
22. Reichmann TL, Ganesan R, Ipser H (2014) J Alloys Comp
610:676
23. Reichmann TL, Ipser H (2014) Met Mater Trans A 45A:1171
24. Johnson I, Anderson KA, Blomquist RA (1966) Trans ASM
59:352
25. Darken LS, Gurry RW (1953) Physical chemistry of metals.
McGraw-Hill, New York, p 264
1008 B. Skołyszewska-Ku¨hberger et al.
123
